Background: Talaromyces marneffei (TM) is an emerging pathogenic fungus that can cause a fatal systemic mycosis in patients infected with human immunodeficiency virus (HIV). Although global awareness regarding HIV/TM coinfection is increasing little is known about the mechanism that mediates the rapid progression to HIV/AIDS disease in coinfected individuals. The aim of this study was to analyze the serum proteome of HIV/TM coinfected patients and to identify the associated protein biomarkers for TM in patients with HIV/AIDS.
Background
Human immunodeficiency virus infection and acquired immune deficiency syndrome (HIV/AIDS) is a major public health problem leading to significant death rates worldwide, especially in developing countries including China. Since the beginning of the epidemic, more than 70 million people have been infected with HIV worldwide, and approximately half of these people are estimated to have died of AIDS-related causes [1, 2] . HIV infection leads to low levels of CD 4+ T cells through various mechanisms, including pyroptosis of abortively infected T cells, apoptosis of uninfected bystander cells, direct viral killing of infected cells, and killing of infected CD 4+ T cells by CD 8+ cytotoxic lymphocytes that recognize infected cells [3] [4] [5] [6] . When CD 4+ T cell numbers decline below a critical level, cell-mediated immunity is lost, and the body becomes progressively more susceptible to a wide range of opportunistic infection, which may be caused by fungi, bacteria, viruses, and parasites that are normally controlled by the immune system [7] [8] [9] [10] . Among these infections, fungal infections are a major cause of HIV-related mortality globally [11, 12] .
Fungi contribute substantially to opportunistic infections in patients with late-stage HIV infection. Talaromyces marneffei (TM), formerly known as Penicillium marneffei (PM), is an emerging pathogenic fungus that can cause severe opportunistic infections, including life-threatening systemic infections in HIV-infected patients, in endemic regions of Southeast Asia [13, 14] . In some regions such as Hong Kong and southern China, TM infection has long been considered as one of the top three AIDS-defining opportunistic infections, alongside tuberculosis and cryptococcosis [15] . Similar to other opportunistic pathogens, infection with TM exacerbates deterioration of the immune response and accelerates AIDS progression, as indicated by high fever, weight loss, skin lesions, hepatosplenomegaly, lymphadenopathy, and respiratory and gastrointestinal abnormalities, however, the mechanism remains elusive [16, 17] . Recent data exploring the effects of TM infection on mortality in HIV/AIDS patients in China revealed that the mortality of TM-infected patients (25.0 per 100 person-months) was the highest among all HIVAIDS-associated complications and was significantly higher than that of TM-uninfected HIV/AIDS patients (13.8 per 100 person-months) [18] . Some data suggest that TM infection is common in hospitalized HIV/AIDS patients in Southeast Asia and associated with a higher mortality rate than most HIV-associated complications, but the mechanism remains elusive [13, 14, 18] . At present, early diagnosis of HIV/TM is considered to be key for effective treatment and prognosis. Overall, the diagnosis of HIV/TM still remains a major challenge due to the inadequacy of current diagnostic methods and the poor sensitivity and/or specificity of existing markers [6, 12, 16] .
Through host-fungal pathogen interactions, fungi are known to regulate host macromolecular synthesis by modifying the host transcription and translation machineries and forcing the hosts to provide the requirements of the fungus during infection [6, 8, 10, 11, 19] . Some of these fungal requirements may lead to epigenetic modifications that are associated with a variety of biological processes, including cell differentiation, proliferation, and immunity. Therefore, host proteins that are involved in interactions with TM play essential roles in Talaromycosis (formerly Penicilliosis) progression across a spectrum of clinical syndromes that vary from cutaneous lesions to hepatosplenomegaly, fever, lymphadenopathy and ultimately mortality. Accumulated data showed that the initial interactions of the TM conidia with host phagocytic cells and the degree of activation of the host's innate immune responses in response to the fungus are critical parameters determining the host's ability to control the disease [20] [21] [22] . Using proteomic profiling, whole cell proteins from the early stages of mold to yeast development in TM were resolved by two-dimensional gel electrophoresis. Some differentially expressed proteins have been identified and categorized into the following groups: heat-shock responses, the catalase family, cell wall biosynthesis, amino acid metabolism, and energy metabolism [8, [23] [24] [25] . These results suggest that remarkably different proteins are involved in the molecular pathogenesis of HIV-related diseases between TMuninfected and TM-infected patients.
Comparative proteomic approaches involving tandem mass tag (TMT) are widely used to analyze host responses in animals, humans, and plants during fungal infections [26] [27] [28] [29] [30] . In addition, the use of TMT quantitative proteomics to screen for diagnostic and prognostic protein biomarkers has also been reported [31, 32] . Therefore, clinical proteomic strategies provide an overall understanding of the host factors involved in fungal infection and provide insights into the alterations in signaling pathways, allowing us to further understand fungal pathogenesis. Serum proteomic analysis is a valuable approach for the discovery of protein biomarkers for the early recognition, diagnosis, monitoring and treatment of a disease, including fungal infections [22, [33] [34] [35] [36] . Here, we examined the differential expression of proteins in pooled serum HIV/AIDS patients with TM infection using TMT-based quantitative proteomics. Our findings provide the first insights into the molecular differences between HIV/TM-coinfected and HIV-mono-infected patients, and might supply fundamental information for future research.
Methods

Patients and sample collection
The study population comprised inpatients who were identified as being serologically positive for HIV infection for the first time between January 2015 and December 2016 at the HIV inpatient unit of the Fuzhou Infectious Disease Hospital in Southeast China. All newly identified cases of HIV infection were confirmed by western blotting and reported to the Center for Disease Control (Fuzhou, China) [37] . TM was isolated and identified from skin lesions or tongues of HIV/AIDS patients and cultured on Sabouraud agar plates. Patients were excluded if they had previously received any antiretroviral therapy. The investigated population is depicted in Table 1 .
All serum samples were collected and processed according to standard operating procedures to minimize preanalytical variation [26, 27] . The serum samples from HIV/AIDS patients were divided into 2 groups: TMnegative (A) and TM-positive (B). For each group, every 6 individual samples with equal volumes of serum were mixed, and the pooled serum samples were then subjected to depletion of high-abundance proteins according to the manufacturer's instructions (Agilent Technologies, Santa Clara, CA, USA). Six repeated protein extracts for each group were used to minimize the individual differences among patients. The use of human biopsy samples in this project was approved by the Institutional Review Board of Fuzhou Infectious Diseases Hospital of Fujian Medical University. Written consent was received from all participants in this study.
Protein preparation and TMT labeling
The ProteoMiner ™ Protein Enrichment Kit (BioRad, Hercules, CA, USA) was utilized to optimize the decrease in abundant proteins according to the manufacturer's instructions. The proteins were precipitated with cold 15% trichloroacetic acid (TCA) for 2 h at − 20 °C. After centrifugation at 4 °C for 10 min, the supernatant was discarded. The remaining precipitate was washed with cold acetone for three times. The proteins were redissolved in buffer (8 M urea, 100 mM TEAB, pH 8.0) and the protein concentration was determined with a 2-D Quant kit (GE Healthcare, Little Chalfont, UK) according to the manufacturer's instructions.
For digestion, the protein solution was incubated with 10 mM dithiothreitol (DTT) for 1 h at 37 °C and then alkylated with 20 mM iodoacetamide (IAA) for 45 min at room temperature in the dark. For trypsin digestion, the protein sample was diluted by adding 100 mM triethylamonium bicarbonate (TEAB) to a urea concentration of less than 2 M. Finally, trypsin was added at a 1:50 trypsin-to-protein mass ratio for the first digestion overnight and a 1:100 trypsin-to-protein mass ratio for a second 4 h-digestion. Approximately 100 μg of protein for each sample was digested with trypsin for the following experiments.
After trypsin digestion, the peptide was desalted by a Strata X C18 SPE column (Phenomenex, CA, USA) and vacuum-dried. The peptide was reconstituted in 0.5 M TEAB and labeled with the TMT 6-plex ™ Label Reagent set according to the manufacturer's protocol for the 6-plex TMT kit (Thermo Fisher Scientific, Waltham, MA, USA). TMT 126, 127, 128, 129, 130 and 131 were used to label TM-negative samples (A) and TM-positive samples (B) (Additional file 1: Table S3 ). The reporter ion isotopic distributions (− 2, − 1, + 1, + 2) are primarily for carbon isotopes with reporter ion interference for each mass tag shown. Reporter ion isotopic distributions can be used as isotope correction factors in the TMT 6-plex method template in Proteome Discoverer software version 1.4 and above. Briefly, one unit of TMT reagent (defined as the amount of reagent required to label 100 μg of protein) was thawed and reconstituted in 24 μl of acetonitrile (ACN). The peptide mixtures were incubated with TMT reagent for 2 h at room temperature and then pooled, desalted and dried by vacuum centrifugation.
Quantitative proteomic analysis by LC-MS/MS
The sample was then fractionated by high-pH reversephase high-performance liquid chromatography (HPLC) using an Agilent 300 Extend C18 column (5 μm particles, 4.6 mm ID, 250 mm length). Briefly, peptides were first separated into 80 fractions with a gradient of 2% to 60% acetonitrile in 10 mM ammonium bicarbonate, pH 10, over 80 min. Then, the peptides were combined into 18 fractions and dried by vacuum centrifugation.
The peptides were dissolved in 0.1% formic acid (FA) and directly loaded onto a reversed-phase precolumn (Acclaim PepMap 100, Thermo Scientific, USA). Peptide separation was performed using a reversed-phase analytical column (Acclaim PepMap RSLC, Thermo Scientific, USA). The gradient was comprised of increasing solvent B (0.1% FA in 98% ACN) from 8% to 26% in 22 min, 26% The peptides were subjected to NSI source followed by tandem mass spectrometry (MS/MS) in Q Exactive ™ plus (Thermo Fisher Scientific, Waltham, MA, USA) coupled with the UPLC. Intact peptides were detected in the Orbitrap at a resolution of 70,000. Peptides were selected for MS/MS using the NCE setting as 30; ion fragments were detected in the Orbitrap at a resolution of 17,500. A data-dependent procedure that alternated between one MS scan followed by 20 MS/MS scans was applied for the top 20 precursor ions above a threshold ion count of 1E4 in the MS survey scan with a 30.0 s dynamic exclusion. The electrospray voltage applied was 2.0 kV. Automatic gain control (AGC) was used to prevent overfilling of the Orbitrap; 5E4 ions were accumulated for the generation of MS/MS spectra. For MS scans, the m/z scan range was 350-1800. The fixed first mass was set as 100 m/z.
Data analysis
The resulting MS/MS data were processed using MaxQuant with an integrated Andromeda search engine (v.1.5.2.8). Tandem mass spectra were searched against the SwissProt human database (20150806 Q: 20203). Trypsin/P was specified as a cleavage enzyme allowing up to 2 missing cleavages, 5 modifications per peptide and 5 charges. The mass error was set to 10 ppm for precursor ions and 0.02 Da for fragment ions. Carbamidomethylation on Cys was specified as a fixed modification, and oxidation on Met was specified as a variable modification. False discovery rate (FDR) thresholds for proteins, peptides and modification sites were specified at 1%. The minimum peptide length was set at 7. The minimum reporter PIF in the MaxQuant software was 0.75. For the quantification method, TMT 6-plex was selected. All the other parameters in MaxQuant were set to the default values. Identified protein domains were annotated by InterProScan (a sequence analysis application) based on the protein sequence alignment method using the InterPro (http://www.ebi.ac.uk/inter pro/) domain database.
To identify the differentially expressed proteins, the relative protein expression values were compared between the HIV/TM-coinfected-(B) and HIV-monoinfected (A) patient groups. The proteins were considered to be differentially expressed if the TMT ratios were > 1.5 or < 0.67 in the serum samples of HIV/AIDS patients infected with TM compared to those from the TM-uninfected group, with a p value < 0.05, which was statistically analyzed by a paired t test. We used a volcano plot (shown in Fig. 2a ) to display the differentially expressed proteins, where the x-axis represents the log 2 -based fold change, and the y-axis represents the negative log 10 of the p value calculated from the twotailed t test. The red points shown in the top left panel represent significantly upregulated proteins, while the green points represent significantly downregulated proteins.
Functional analysis of the differentially expressed proteins
The Gene Ontology (GO) annotation proteome was derived from the UniProt-GOA database (http://www. ebi.ac.uk/GOA/). GO annotation contains three categories: biological process, cellular compartment, and molecular function. For each category, a two-tailed Fisher's exact test was employed to test the enrichment of the differentially expressed protein against all identified proteins. Correction for multiple hypothesis testing was carried out using standard FDR control methods. GO terms with a corrected p value < 0.05 were considered significant.
The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to annotate the protein pathways. First, we used the KEGG online service tool KAAS to annotate the protein's KEGG database description. Then, we mapped the annotation result on the KEGG pathway database using the KEGG online service tool KEGG mapper.
Immunoblotting analysis
The expression of the selected proteins in serum samples was verified by western blotting (WB), as previously reported [11, 19, 27] . Briefly, 30 µg of protein from each sample were separated by SDS-PAGE and transferred onto NC membranes (Millipore, Bradford, MA, USA). Then, the membranes were blocked for 2 h in PBST buffer containing 5% bovine serum albumin (BSA) and probed with IL1RL1 and THBS1 primary antibodies (1:1000 dilution, Santa Cruz Biotechnology, USA) and a β-actin antibody (1:5000 dilution, TransGen Biotech, China) at 4 °C overnight. After washing 3 times with PBST buffer for 10 min, the membranes were incubated with appropriate HRP-conjugated secondary antibodies (1:5000 dilution, TransGen Biotech, China) for 1 h at room temperature. Following another wash in TBST buffer, the protein expression levels were detected by enhanced chemiluminescence and visualized by autoradiography. Quantification of the western blot band intensity was performed using ImageJ 1.45 software (NIH) according to the manufacturer's instructions.
Statistical analysis
The data were expressed as the mean ± SD, and differences between two groups were analyzed with Student's t test. p < 0.05 was considered statistically significant. Statistical analysis was performed using the Statistical Program for Social Sciences (SPSS) software 17.0 (SPSS Inc., Chicago, IL, USA).
Results
Clinical characteristics of the study population
A total of 36 serum samples from TM-positive and TMnegative (control) HIV/AIDS patients were used in this study ( Table 1 ). All selected patients had similar ages and the same sex. However, compared to the patients in the TM-negative control group, the HIV/AIDS patients with TM infection had a significantly higher mean CD 
Relative quantification of the serum proteome between the HIV/TM co-and HIV mono-infected individuals
Using the results from MaxQuant with an integrated Andromeda search engine (v.1.5.2.8), we quantified 826, 849, and 884 proteins in TMT 6-plex labeling replicates. Among the three replicates, 643 proteins overlapped, accounting for 58.51% of the total quantified proteins (Fig. 1a, Additional file 2) . The overlapping proteins identified by MS were subsequently classified by bioinformatics analysis. GO annotation was applied to classify the identified proteins in terms of their subcellular localizations, and each protein was assigned at least one term. More than 20% of the proteins were annotated as belonging to extracellular and cell-associated proteins, and the other two main categories of these proteins were the organelle (16%) and membrane (14%) compartments (Fig. 1b) . Although the extracellular, cell, organelle and membrane proteins were the most highly represented categories in the extracts, macromolecular complex and membrane-enclosed lumen proteins were also readily identified, which indicated that the protein extraction procedure was not strongly biased to a few cell compartments. As summarized in Fig. 1c , the top three molecular functions were associated with cell motility, cell localization, and cell migration.
Differentially expressed proteins associated with TM infection
To identify the differentially expressed proteins, a comparative analysis of relative protein expression values was conducted between the HIV/TM-coinfected and HIV-monoinfected patient groups. In this study, 123 proteins with a mean expression fold change of ≥ ± 1.5 (log 2 0.58) were identified as differentially expressed proteins in the serum of HIV/AIDS patients with TM infection compared to the TM-uninfected group (Fig. 2a,  Additional file 2) . When the ratio of these 123 proteins was plotted on a heatmap, 81 proteins were upregulated, while 42 proteins were downregulated in the serum samples between the HIV/TM-coinfected and HIV-monoinfected patient groups, and these two types of proteins formed distinct clusters (Fig. 2b) . We further analyzed the involvement of these proteins in biological processes by GO analysis; the results showed that the 123 up-and downregulated proteins formed distinct clusters, and most of these dysregulated proteins were strongly associated with cell motility, activation and regulation (Fig. 2c,  d ). These results clearly proved that there might be different molecular backgrounds and molecular mechanisms between the TM-infected and TM-uninfected control groups.
KEGG pathway analysis of the differentially expressed proteins
To further analyze the roles of the protein expression alterations between the HIV/TM-coinfected and HIVmonoinfected patients, interactive network analysis of the differentially expressed proteins was performed using the KEGG online service tool. In this work, KEGG generated several networks that illustrated strong hubs of dysregulation in TM-infected patients. As shown in Fig. 3b , the dysregulated proteins mainly participated in the regulation of the extracellular matrix (ECM)-receptor interaction, focal adhesion, microRNAs in cancer, the PI3K-AKT signaling pathway, amoebiasis and cytokinecytokine receptor interactions. Of these categories, the ECM-receptor interaction pathway was the highest scoring KEGG network and had a significance score of 3.71 (Fig. 3a) . Based on this network, 34 proteins were found to be differentially expressed in TM-positive HIV/AIDS patients compared with TM-negative controls. Among these proteins, 27 proteins displayed increased expression, and 7 proteins exhibited decreased expression, as shown in Fig. 3a . Therefore, TM infection is expected have its own specific molecular characteristics and molecular mechanisms.
Verification of the differential expression of IL1RL1 and THBS1
According to hierarchal clustering analysis (Fig. 2) and KEGG network analysis (Fig. 3) , the proteins Interleukin-1 receptor-like 1 (IL1RL1, 10.62-fold) and thrombospondin 1 (THBS1, 1.82-fold) were differentially expressed in HIV/AIDS patients between the TM-positive group and the TM-negative control group. IL1RL1, which is a member of the Toll-like receptor superfamily based on the structure of its intracellular Toll/interleukin-1 receptor (TIR) domain, has considerable prognostic value and is used to aid in risk stratification to identify patients who are at high risk of mortality and rehospitalization among patients diagnosed with heart failure [38] [39] [40] . THBS1, a subunit of a disulfide-linked homotrimeric protein, plays a functional role in inhibiting tumor growth, cell migration, and neovascularization and acts as an endogenous tumor suppressor by interacting with its receptors, CD36 Fig. 1 Features of the proteome data set of Venn diagrams and TMT-labelling shotgun analysis between the HIV/TM-coinfected-and HIV-mono-infected patient serum samples. a Venn diagrams shows the numbers of identified proteins and the overlaps of protein identification in 3 repeated experiments. b Subcellular localizations of the identified proteins. c GO analysis of the involved biological processes. The analysis was performed using DAVID and gene ontology annotations and CD47, or activating transforming growth factor-beta signaling. Therefore, these factors are potentially interesting biomarkers to distinguish between HIV/TM-coinfected and HIV-monoinfected patients [41, 42] . Hence, the expression changes in IL1RL1 and THBS1 were further investigated by WB analyses using independent sets of 14 serum samples (7A and 7B). Figure 4 shows that the protein expression level of IL1RL1 was significantly upregulated, while that of THBS1 was downregulated in HIV/AIDS patient serum samples with TM infection compared to the TM-negative group. The protein expression level of IL1RL1 was significantly upregulated by 9.6-fold (n = 14 patients, p < 0.01) in HIV/TM-coinfected patient serum samples compared to the HIV-monoinfected group. In contrast, the protein expression level of THBS1 was downregulated 1.8-fold (n = 14 patients, p < 0.05) in HIV/AIDS patient serum samples with TM infection compared to the TM-negative group.
Overall, we have successfully identified the TM infection-associated proteins IL1RL1 and THBS1 in HIV/ AIDS patients, which is consistent with the LC-MS/MS results obtained in Figs. 1 and 2 . Therefore, these two proteins might be potential biomarkers for distinguishing TM infection in HIV/AIDS patients, but the underlying molecular mechanisms need to be further dissected.
Discussions
HIV/AIDS disease is currently and will continue to be a major worldwide health problem [6] . With HIV/AIDS patients coinfected with TM being responsible for a significant proportion of fatal systemic mycosis cases, the results of previous studies confirm that compared to HIV-monoinfected individuals, HIV/TM-coinfected patients are associated with an increased risk of developing opportunistic infections and cancers [2, 6, 13] . While much of the existing literature has focused on noting the presence of disparities between HIV/TM-coinfected and HIV-monoinfected patients, little is known about the potential mechanisms and the differences in specific biological pathways within the context of TM infection. The proteomic data presented in this study are the first to report differences between HIV/TM-coinfected and HIV-monoinfected patients at the proteome level. These data not only confirm earlier studies that demonstrated that HIV/TM-coinfected patients might have a poorer prognosis than patients without TM infection but also provide new information regarding HIV/TMcoinfected patients, which will facilitate further detailed investigations.
In this study, we carried out a quantitative proteomic analysis of serum samples from HIV/AIDS patients coinfected with TM and uninfected controls using TMT labeling and LC-MS/MS to quantify the dynamic changes in the whole serum proteome of HIV/AIDS patients. Here, 949 proteins were quantified, of which 123 proteins were differentially expressed by > 1.5-or < 0.67-fold. Bioinformatics analysis showed that most of the differentially expressed proteins were involved in the single-organism process, response to stimulus, cellular process, biological regulation, and metabolic process, which mainly reflected inflammatory disorders and abnormal functions of innate immunity. For example, compared to patients without TM infection, HIV/TM-coinfected patients have a higher risk of inflammatory disorders and poorer clinical outcomes; therefore, HIV-infected patients with TM have a higher incidence of developing acute or persistent pulmonary disease, disseminated infection, and reactivation disease [14, 16] . Furthermore, this phenomenon was further supported by the obviously altered ECM-receptor interaction pathway in HIV/AIDS patients in the TMpositive and TM-negative groups, which influences tissue/organ morphogenesis and the maintenance of cell/ tissue structure and function. A significant discovery from this work was that many genes related to the ECMreceptor interaction pathway may be used as novel biological markers of HIV/TM-coinfected patients [43] . The ECM contains many large molecules, such as collagens, elastin, microfibrillar proteins, and proteoglycans. In addition to being necessary structural components, ECM molecules also play critical roles in the control of key cellular events, such as adhesion, migration, differentiation, proliferation, and apoptosis [43] .
Our analysis also revealed that the differentially expressed protein IL1RL1, which has been proven to be a valuable biomarker of cardiac stress and a strong predictor of cardiovascular death and the risk of developing new heart failure in syncytiotrophoblast elevation myocardial infarction (STEMI) and non-ST elevation acute coronary syndrome (NSTE-ACS) patients [38, 39] , was the most upregulated protein (fold change = 10.62) in serum samples from HIV/ 
